Introduction
Cyanobacteria (oxygenic photosynthetic bacteria) are increasingly being considered for chemical and biomass production (Ducat et al., 2011) due to their highly efficient conversion of water and CO 2 to biomass using solar energy (Dismukes et al., 2008) , growth on non-arable land with minimal nutrients and the ease with which many species can be genetically manipulated. However, further improvements in efficiency are desirable for large scale industrial production. Such gains could in principle be derived from reducing losses due to respiration or unproductive light harvesting, increasing carbon fixation rates by enhancing D-ribulose 1,5-bisphosphate carboxylase/oxygenase (RuBisCO) catalysis and specificity for CO 2 and by broadening the spectrum of light absorption (Blankenship et al., 2011) . We recently demonstrated that reducing respiration in the model species Synechocystis sp. PCC 6803 (hereafter referred to as Synechocystis) resulted in slower growth under diurnal conditions (Lea-Smith et al., 2013) . Improving RuBisCO by genetic manipulation has proved difficult (Whitney et al., 2011) and, due to the carbon concentrating properties of the carboxysome, cyanobacterial RuBisCO has the highest carboxylation velocity amongst photosynthetic organisms (Savir et al., 2010) . Extending the spectral range of light absorption is challenging, since it requires either incorporation of foreign pigments into photosystems or the introduction of novel light harvesting complexes (Chen and Blankenship, 2011) .
Therefore decreasing unproductive light harvesting may be the most promising approach.
Several studies have focussed on this by reducing the antenna size in unicellular algae and cyanobacteria (Melis, 2009 ). These organisms have evolved to maximise light harvesting, a characteristic that may be advantageous for evolutionary success but unfavourable for biomass production, especially in dense cell environments, such as in photobioreactors or raceway ponds. Under these conditions, cells in the upper layer will receive saturating light, absorbing more energy than can be utilised by photosynthesis, with the excess being dissipated as heat or fluorescence. Net photosynthesis and biomass accumulation are reduced by photoinhibition, the direct damage of photosynthetic proteins by sunlight and by production of reactive oxygen species, which further damages the photosynthetic machinery (Mussgnug et al., 2007; Beckmann et al., 2009; Ritchie and Larkum, 2012) . Photosynthetic rates increase with the depth in the pond due to decreased photoinhibition until a maximum rate is achieved. Below this depth the light intensity is insufficient for maximal photosynthesis and yields are reduced by respiration (Ritchie and Larkum, 2012) . In theory reducing the antenna should increase biomass accumulation by decreasing energy losses and photoinhibition at the surface while allowing additional light to penetrate to lower depths, thus maximising the percentage of cells harvesting light.
Reduction of the light harvesting complex in the green alga Chlamydomonas reinhardtii has been demonstrated to increase photosynthetic efficiency, reduce photoinhibition and increase mid-log phase growth under saturating light (Mussgnug et al., 2007; Beckmann et al., 2009 ). Similar studies have been performed in cyanobacteria (Nakajima and Ueda, 1997; Page et al., 2012; Kwon B, 2013; Kwon et al., 2013) , which typically harvest light via a large cytosolic localized antenna complex, the phycobilisome (PBS). This associates with photosystem II (PSII) and photosystem I (PSI), resulting in energy transfer to the reaction centres (Mullineaux et al., 1997) . In Synechocystis the PBS comprises a core allophycocyanin (APC) region (λ max =652 nm) and six radiating rods, each composed of three stacked disc-shaped phycocyanin (PC) hexamers (λ max =625 nm) (Glazer, 1989; Arteni et al., 2009 Linker proteins connect the discs; the disc proximal to the APC core is connected via CpcG1 or CpcG2 (Kondo et al., 2007) , the middle via CpcC1 and the distal via CpcC2 (Ughy and Ajlani, 2004) . Since the PBS is larger than both photosystems and absorbs light at different wavelengths from the chlorophylls and carotenoids in the reaction centres it increases both the area and spectral range of light harvested. A Synechocystis sp. PCC 6714 mutant with a T→C substitution 5 bp downstream of the transcription initiation site of the cpcBAC1C2D operon (PD-1) (Imashimizu et al., 2003) and containing only one-third the level of PC (Nakajima et al., 1998) demonstrated reduced photoinhibition and 20-30% higher photosynthesis, as determined by higher oxygen evolution rates, in dense cultures under high light (Nakajima and Ueda, 1997). However, biomass accumulation and growth were not quantified in these studies. More recently Page et al quantified biomass accumulation and photosynthetic rates in three mutants of Synechocystis; CB, containing only one PC hexamer per rod, a phycocyanin deficient mutant (olive) and a mutant completely lacking PBSs (Page et al., 2012) . In contrast to the studies in C. reinhardtii, decreasing antenna size in Synechocystis resulted in lower biomass productivity. However, productivity was tested only in conical flasks and flat panel bioreactors with a culture depth of ~2 cm. Under such low depths any productivity benefits due to the effects of greater light penetration would not be observed (Ritchie and Larkum, 2012) . The maximum light intensity utilised was 150 µmol photons m -2 s -1 , which is significantly lower than full sunlight. Moreover the CB mutant contains a large amount of free phycobiliproteins not associated with the PBS (Ughy and Ajlani, 2004; Collins et al., 2012) . These absorb light and dissipate it as heat and fluorescence, which would further lower productivity. Another recent study showed that the olive mutant achieved higher cell densities than wild-type under 400 µmol photons m -2 s -1 of light in 5 litre flat-bed photobioreactors, although biomass accumulation was not measured (Kwon et al., 2013) .
In this study we generated three antenna truncated mutants with decreasing amounts of PC in order to determine the optimal PBS size for maximal productivity in dense cultures and to understand further the role of this complex in cyanobacteria. We demonstrate that reducing the PBS lowered photoinhibition but when cells were exposed to white LED, light penetration increased only in the strain lacking any phycocyanin. Deletion of more than one PC disc per rod reduced photosynthesis and biomass yields, except under conditions of high light exposure and carbon limitation. This suggests that two to three PC discs per rod, commonly found in most cyanobacteria, is optimal for light harvesting in industrial processes.
Results
Generation of recombinant strains of Synechocystis sp. Strain PCC 6803. Unmarked mutants of Synechocystis with two PC hexamers per rod (ΔCpcC2), one PC hexamer per rod (ΔCpcC1C2), and no PC (Olive) were constructed by disruption of cpcC2, cpcC1C2, and cpcBAC1C2 respectively, via a two step homologous recombination protocol. Deletion of the entire PBS results in extremely poor growth (Ajlani and Vernotte, 1998; Page et al., 2012; Kwon B, 2013; Kwon et al., 2013) 
Δ
CpcC1C2 strains (Fig. 1A) , which is consistent with previous studies (Ughy and Ajlani, 2004) and PC absorbance was similar to wild-type (Fig. S2A) . Loss of appropriate subunits in the PBS complex was confirmed via SDS-PAGE (Fig. 1B) .
In order to remove free phycobiliproteins we altered the strength of the cpc promoter. intensity is approached with the maximum rate of oxygen evolution designated as P max . The P max of the olive and Δ CpcC1C2:p cpc T→C mutants were respectively 41 % and 21% lower than the wild-type (Fig. 2C) . By contrast the P max for the p cpc T→C mutant was marginally higher (7%), but not significantly different, from the wild-type. The gradient of the oxygen evolution curve when the rate of O 2 evolution increases linearly in proportion to the light intensity (i.e., under non saturating light conditions), provides a measure of the photon yield (Table 1 ). All the PBS truncated mutants demonstrated a significant but similar reduction in chlorophyll per cell compared to the wild-type (Table 1) . Table S1 ). Light penetration was also tested at three different wavelengths: red (λ max =625 nm), green (λ max =525 nm) and blue (λ max =470 nm) at an intensity of 1000 µmol photons m -2 s -1 in O.D. 1.0 cultures (Fig. 3 , S4P, Q, R). The data for light penetration can be characterised by calculating the attenuation coefficient (µ), the rate at which light penetration decreases with depth. Under blue light, penetration was similar between all strains (Table S1 ).
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Under red light and to a lesser extent under green light, penetration increased with the reduction of the antenna (Table S1) (Fig. 3C, D, Fig. S4 ). Under these conditions the µ for the olive mutant was 24%
smaller than the wild-type (91.6 vs 120.3). (Fig. S6B ). Some photobleaching was observed at 500 µmol photons m -2 s -1 (Fig. S6C) , which increased at 1000 µmol photons m -2 s -1 (Fig. S6D) . The PBS was not significantly altered over the time of the experiment, as determined by the ratio of APC to PC, at any light intensity (Fig. S6A , B, C, D). In order to determine whether biomass accumulation was different between the strains, the dry cell weight was measured at the end of each growth period in the cultures grown in the 250 ml containers. All strains accumulated similar biomass at 500 µmol photons m -2 s -1 (Fig. 4E) , which correlated with the growth measurements (Fig.   4F ).
Growth of PBS attenuated mutants.
Strains were then cultured in 250 ml containers and sparged with 5% CO 2 at 500 and 1000 µmol photons m -2 s -1
. Growth was similar between the PC containing strains but slower in the olive mutant (Fig. 4C, D) . Little, if any photobleaching was observed and the PBS was not significantly altered ( Fig. S6E, F) . Biomass accumulation was similar between all strains at 500 µmol photons m -2 s -1 but lower in the olive mutant at 1000 µmol photons m -2 s -1 (Fig.   4G, H) . In all strains biomass accumulation was higher in cultures sparged with 5% CO 2 than with air.
Conservation of PBSs in cyanobacteria.
In order to determine the distribution of core and linker polypeptides in PBSs in cyanobacteria a comparison of 86 sequenced strains was performed (Table S2 ). Fourteen strains, including the PSII deficient strains cyanobacterium UCYN-A (Zehr et al., 2008) , and all the Prochlorococcus species do not encode any of these PBS subunits, although some species contain genes demonstrating high sequence similarity to those encoding phycoerthyrin subunits (Ting et al., 2001) . Of the remaining strains, all encode homologues to cpcG1. Of these 25 encode homologues only to cpcC1, 36 encode homologues to cpcC1 and cpcC2, while the remaining 11 encode homologues to cpcC1 and more than one cpcC2 homologue.
Discussion
We have characterized a range of PBS attenuated mutants under different growth conditions. As hypothesized, reducing the PBS generally resulted in lower photoinhibition, although this was not the case in the p cpc T→C strain. In carbon limited cultures reduction of the PBS was clearly advantageous when strains were grown at 1000 µmol photons m -2 s -1 (Fig. 4B, 4F ). The improved growth (Fig. 4B ) and reduced photobleaching (Fig. S6D) observed in the Δ CpcC1C2:p cpc T→C and olive mutant strains under these conditions may also be due to lower photosynthetic rates, as demonstrated by the reduced rate of oxygen evolution (Fig. 2C ). This would limit electron production overtaking consumption by the Calvin cycle, resulting in the photosynthetic electron transfer chain becoming less reduced.
Under conditions where carbon is not limited, little photobleaching was observed, even at 1000 µmol photons m -2 s -1 (Fig. S6E, F) . In addition, cyanobacterial cultures sparged with CO 2 showed significantly higher growth rates and biomass accumulation than those sparged with air (Fig. 4C, D ( Fig S4P, R) , reducing the PBS did not significantly improve overall light penetration when culture suspensions were exposed to white LED light, except in the PC deficient strain (Fig 3,   Fig. S4 ). This may reflect the fact that the red and green wavelengths are only a component of the spectrum (Fig. S8) , and/or that light scattering and absorption by other cellular components limits penetration to lower depths, and suggests that even one PC disc is sufficient to absorb enough light to give the same biomass production as the wild-type. To the best of our knowledge this study is the first to examine light penetration in any cyanobacterial cell suspension at different cell densities and light intensities. These experiments demonstrate that, in dense cultures (O.D. ( Table 1 ), suggesting that this large complex, 5-10 MDa, has a major effect on increasing cell size. The reduction in chlorophyll per cell in all PBS attenuated mutants suggests that the total amount of PSII and/or PSI is lower (Table 1 ). The decline in photosynthetic and respiratory capacity we observed may be due to the differences in membrane morphology.
The important role of the PBS in membrane organization, as illustrated in the study by
Collins et al., demonstrates the different roles this complex plays in the cell. However, under environmental conditions when strains are exposed to long periods of high light, having a smaller PBS, or no PBS at all, may be advantageous. Prochlorococcus species, typically
found in equatorial open ocean regions and potentially exposed to long periods of high light, lack PBSs completely (Table S2) , although these species do contain homologues of isiA, encoding an iron stressed induced antenna complex (Bibby et al., 2001; Boekema et al., 2001 ). Lacking a PBS may also be critical in maintaining the small size of Prochlorococcus, typically 0.5-0.7 µM in diameter, which is advantageous for nutrient uptake (Partensky et al., 1999) . In strains containing PBSs, having one PC disc per rod is sufficient for maximal light harvesting and biomass accumulation, at least when CO 2 is not limiting. However, having at least 2 PC discs per rod is sufficient for maximal photosynthetic and respiratory activity, as indicated by the lower oxygen evolution and depletion rates in the Δ CpcC1C2:p cpc T→C and olive mutant strains. This may explain why all PBS-containing cyanobacteria encode CpcC1
and therefore have at least two PC discs per rod (Table S2) .
Conclusion
This study demonstrates that reducing the PBS is not useful for improving industrial production of either cyanobacterial biomass or metabolites, except when carbon is limited, in contrast to the studies performed in C. reinhardtii. Lower photosynthetic activity has a detrimental effect on growth and is not compensated for by either reduced photoinhibition or greater light penetration. Photoinhibition may be further limited by mixing, which in a culture where the majority of light penetrates only a few centimeters (Fig. 3, Fig. S4 
Materials and Methods.
Bacterial strains, media and growth conditions. Synechocystis and strains derived from it were routinely cultured in BG-11 medium, supplemented with 10mM sodium bicarbonate (Castenholz, 1988) at 30°C under moderate light (40 µmol photons m -2 s -1 ) and shaken at 160 rpm unless otherwise indicated. 15 g/l of agar was used for preparation of solid media, supplemented with 30 µg/ml of kanamycin and 5% sucrose (w/v) when necessary. Strains used in this study are listed in Table S3 .
Plasmid construction. Primers used in this study are listed in Gene deletion of cpcBAC1C2 was performed by amplifying a 1016bp fragment downstream of cpcB using primers CpcBrightfor and CpcBrightrev, followed by insertion of this fragment and the cpcC1 upstream fragment into the SacI/EcoR1 and XbaI/BamH1 sites of pUC19 to generate pCpcBAC1C2-1. The BamH1 digested npt1/sacRB cassette from pUM24Cm (Ried and Collmer, 1987) was inserted into the BamH1 site between the upstream and downstream fragments in pCpcC2-1, pCpcC1C2-1 and pCpcBAC1C2-1 to generate pCpcC2-2, pCpcC1C2-2 and pCpcBAC1C2-2 respectively. Nucleotide substitution in the cpc operon promoter first required generation of a marked mutant. This was performed by amplifying a 944bp fragment upstream of the promoter region using primers Cpcproleftfor and Cpcproleftrev and a 1018bp fragment downstream of the promoter region using primers Cpcprorightfor and Cpcprorightrev, followed by insertion of the respective fragments into the EcoRI/BamH1 and BamH1/HindIII sites of pUC19 to generate pCpcpro-1. The BamH1 digested npt1/sacRB cassette was inserted into the BamH1 site between the upstream and downstream fragments in pCpcpro-1 to generate pCpcpro-2. A 635bp fragment spanning the deleted region was then amplified using primers Cpcprointfor and Cpcprointrev, followed by insertion into the SmaI/ HindIII sites of pUC19 to generate pCpcproint. Two fragments were then amplified with primers CpcprointforT-C and CpcprointforT-G, containing a T→C or T→G substitution respectively, and the Cpcprointrev primer to generate 505bp products.
These fragments were cloned into the HincII/ HindIII sites of pCpcproint. A SmaI/ NocI fragment was excised and inserted into the same sites in pCpcpro-1 to generate pCpcproT→C and pCpcproT→G. These plasmids contained the entire wild-type cpc promoter region, except for the T→C or T→G substitution 258bps upstream of the cpcB start codon.
Construction of phycobilisome mutant strains. To generate marked mutants approximately
1 µg of plasmids pCpcC2-2, pCpcC1C2-2 and pCpcBAC1C2-2 were mixed with Synechocystis cells for 6 hours in liquid media, followed by incubation on BG11 agar plates for approximately 24 hours. An additional 3 ml of agar containing kanamycin was added to the surface of the plate followed by further incubation for approximately 1-2 weeks.
Transformants were subcultured to allow segregation of mutant alleles. Segregation was confirmed by PCR using primers CpcC2for/CpcC2rev, CpcC1for/CpcC2rev or CpcC1for/CpcBrev, which flank the deleted region. Generation of unmarked mutants was carried out according to Xu et al (Xu et al., 2004) . To remove the npt1/sacRB cassette, mutant lines were transformed with 1 µg of the markerless pCpcC2-1, pCpcC1C2-1 and pCpcBAC1C2-1 constructs. Following incubation in BG-11 liquid media for 4 days and agar plates containing sucrose for a further 1-2 weeks, transformants were patched on kanamycin and sucrose plates. Sucrose resistant, kanamycin sensitive strains containing the unmarked deletion were confirmed by PCR using primers flanking the deleted region (Fig. S1 ).
Wild-type, cpcC2 and cpcC1C2 knockout lines with promoters containing the T→C or T→G substitution were generated by transformation with 1 µg of pCpcpro-2, followed by segregation of the mutant strains and confirmation by PCR. Plasmids pCpcproT-C and pCpcproT-G were then transformed into these strains and unmarked mutants generated by selecting for kanamycin sensitive, sucrose resistant colonies. The T→C or T→G substitution was confirmed by sequencing of PCR products generated using primers Cpcprointfor and Cpcprointrev. All strains are listed in table S2.
PBS purification and analysis. PBSs were purified according to Glazer et al (Glazer, 1988) .
Approximately 100 ml of culture grown to late logarithmic phase was centrifuged at 5000 rpm, washed twice with 0.8 M potassium phosphate buffer, pH7 (KP) and resuspended in 1 ml of KP. 500 µl of 400 micron beads were added to the cell suspension and cells were shaken for 10 mins using a IKA-VIBRAX-VXR bead beater at 2400 rpm. The suspension was centrifuged at 13000 rpm for 20 mins and the supernatant was removed. This was added to a sucrose gradient consisting from the bottom upwards of: 1 ml of 2M, 3 ml of 1M, 2.5 ml of 0.75M, 2.5 ml of 0.5M, 2 ml of 0.25M sucrose solutions in KP. The suspension was centrifuged for 20 hours at 28000 rpm. Blue bands containing intact phycobilisomes or free phycobiliproteins were extracted from the sucrose gradient. Sucrose was removed and samples concentrated by repeated washing with KP in Amicon Ultra 10K membrane centrifugal filter units.
Samples equivalent to OD(620nm)=0.2 were analysed by SDS-PAGE on a BioradReady Tris-HCl, 10-20% linear polyacrylamide gradient gel in modified tris/glycine buffer.
Gels were run for 20 hours at 20 V then stained with 1% Coomassie Blue in acetic acid/methanol. All steps were carried out at room temperature. Identification of phycobilisome proteins was performed by comparison with past studies (Ughy and Ajlani, growth phase with an optical density of 0.6 measured using a spectrophotometer at 750nm.
Cultures were placed in a 4 ml fluorescence cuvette (1cm path length) and positioned in front of the entrance port of an integrating sphere. A light source sent light via an input fiber into the cuvette containing the sample and the light leaving the sample in the forward direction was collected by the integrating sphere. The extinction spectra were recorded using a USB4000-UV-VIS Ocean Optics Spectrometer connected to the integrating sphere with an output fibre optic and interfaced to a computer. The cuvettes containing the samples were positioned at different distances (0 mm and 5 mm) from the entrance port of the sphere and the absorbance spectrum was obtained via the SpectraSuite ® Spectroscopy operating software.
The nominal absorption spectrum was then calculated using the equation according to Merzlyak et al, 2000 (Merzlyak and Naqvi, 2000) .
Photosynthesis, photoinhibition and respiration measurements. Photosynthetic O 2 evolution rates and O 2 depletion rates (respiration) were determined on cell cultures (~4 nmol . All measurements were standardised to the initial rate.
Photoinhibition experiments were conducted either in the absence or presence of lincomycin (250 μ g/ml). A Student's paired t test was used for all comparisons, P<0.05 being considered statistically significant.
Cell size. Numbers of cells per unit of volume were measured by counting the cells directly using a Beckman Coulter 2Z particle counter. Measurements were performed using 20 µl of OD (750 nm) = 0.5 cells diluted in 10 ml of measuring buffer. Cell diameter was directly measured using the same instrument. Cell volume was calculated from these measurements.
The amount of chlorophyll was measured by subtracting the 750 nm OD value from the 680 nm OD value and multiplying by 10.854, as described previously (Bombelli et al., 2011; LeaSmith et al., 2013) .
Light penetration measurements. Light penetration was measured using a custom made apparatus (Fig. S7) . Light (white LED) was shone from the bottom of the apparatus through the transparent Perspex® into the internal chamber. The LED light spectra was measured using an Ocean Optics Spectrometer USB2000+UV-VIS detector (Fig. S8) . A quantum sensor (Skye instruments), which measures photosynthetically active radiation uniformly between 400 and 700 nm, was placed on the top of the internal chamber and shone on the top of the cell suspension, to measure light levels. The internal chamber was filled with cells and adjusted to measure light penetration at different depths. Light penetration with red, blue and green light (Fig. S8) Table S1 . Attenuation co-efficient values of PBS attenuated strains. Table S2 . Conservation of PBS subunits in cyanobacteria. Table S3 . Strains used in this study. Table S4 . Sequence of primers used in this study. 
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